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A LOW-PRESSURE-LO3S SHORT AFTERBURNER FOR

a

i

SEA-LFVEL THRUST AUGMENTATION =

[l
O
By Carl C. Ciepluch, Wallsce W. Velie, and Richard R. Burley!:=3
e

SUMMARY 1512 "'/

An investigaticn of the problems associated with the design of a
low-pressure-loss, short afterburner for sea-level thrust augmentation
was conducted in a static, sea-level test stand using the rower secticn
of 3 5970-pound-thrust, axial-tiow turbojet engine.

.

A 112° innerbody diffuser with turtine-discharge flow-straightening
vanes installed had the lowest pressure losc of any of the diffusers
investigated. The tail-pipe pressure loss was raduced 1 percenzage point
by fairing (flattening) the afterburner fuel-spray »ars, which were lo-
cated in the high Mach number, turbine-discharge fiowv.

The total-pressure loss of a 28-spray-bar, shecrt-afterburner ~onfig-
uration wvas 5.5 percent of the turbine-discharge pressure, which +ms ap-
proximetely equal to the loss of the standard engine tail pvipe. Becuuse
the tail-pipz pressure loss of the short afterburner was about equal to
thaet of the standard engine tail pire, the nonafterburning specific fuel
consumption of the engine equipped with a short af*erburner would be equal
to that of the standard nonafterburning engine.

The 28-spray-bar, short-afterburner corniiguration had a peak com-
bustion efficiency of 92.95 at an over-all fuel-zir ratio of C.045. Max-
imum thr-ust augmentation of 1.44 was cbtained with this short afterburner.

éwl/:t

Long-range turbojet bomber and transport aircraft mey require some
means of *thrust boost or augmentation for take-off. The typiczl after-
burner augmenter usually adds to the nonafterburning-engine pressure
losses and thereby reduces aircraft-cruising range. A program is iherefire
being conducted at the NACA Lewis lazboratory tc investigate the problems
associated with the design of low-pressure-loss, light-weight afterburners
for this application. The length of the afterburner was arbitrarily
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limi%ed to that or the standard engine tail pipe {appronimately 4% fr).

As a reczult of the ilimited length availablie for the afterburner, toth the
=fiLerburner-diffuser and combustinn-chamber lengths had to be cousiderably
shorter than those usually used in afterburners.

Initial phases of the program are reported in references 1 and 2,
vhich present the performance .l several short annular diffusers and the
afterburning performance of several short afterburners, respectively.
Although a maximum thrust augmentation of 1.33 was obtained with one
short-afterburner configuration described in referznce 2, the specific
fuel consumption during nonafterburning (cruise condition) was 3 percent
higher than that of the stzudard engine because of the increased pressure

loss o. the short-afterburner tail pipe.

Tae purpose of the investigation reported herein was to extend the
diffuser work of reference 1 in an attempt to decrease afterburner pres-
sure losses and to improve upon the thrust augmentation obtained by the
short ~fterburners in reference 2.

Afterburner pressure loss and over-all performance were obtained in
a static, sea-level test stand with the engine operating near rated con-
ditions. The nonafterburning totzl-pressure losses of both diffuser con-
figurations and afterburner components were obtained. Afterburning per-
formarce data were obtained over a range of fuel-air ratios at approxi-
mately rated engine conditions.

APPARATUS
Engine and Installation

~<The engine used for the investigation was a production-model turbojet
engine with a S5-minuté& military thrust rating of 5970 pounds at 7950 rpm
and an éihaust-gas temperature of 1275° F at static, sea-level conditions.
A cross-gectional view of the engine with a typical short-afterburner tail
ripe-installed is shown in figure 1.

The’ engine was mounted in a static, sea-l2vel test stand as illustra-
ted by the schematic disgram in figure 2. Englne thrust was transmitted
‘to and measured with a null-type, balanced-air-pressure diaphragm. A
diaphragm-type seal was used t. isolate the sound-muffling exhaust cham-
ber from the test cell. Engine-inlet air temperature was controlled with
a can-type combustion preheater. Tne engine air flow was measured by z
calitrated air-measuring nozzle in the atmoapheric-air inlet lipe and
by a flat-rlate orifice in the preheater line.

I
/

3678




8L9¢

CW-1 back

e mnw
csave
sesae

. ¢
Tvae
ageav
« a
LR B

s e

NACA RM ESSD26

Short-Afterburner Components

The afterburner components used during tils investigation are shown
in figures 3 to 5.

Afterburner shell. - A single afterburner outer-shell contour was
used throughout the investigation and is shown in figure 3(a). An 8-inch,
constant-area, annular section was added to the tail pipe downstream of
the turbine to accommodate the instrumentation that was used to measure
turbine-discharge total pressure z2head of the diffuser inlet. A 4-inch
spool section was added just ahead of the exhaust nozzle to facilitate
measuring exhaust-nozzle-inlet total pressure. The over-all length of
the afterburner (from the diffuser inlet to the end of the exhaust nozzle)
was 57.6 inches. This length does nct include the 8-inch constant-area
section downstream of the turbine. Also included in figure 3 for compar-
ison is an 18-inch conical innerbody diffuser and tail-pipe assembly that
was used during the investigution of reference 1 and the standard engine
tail pipe.

Innerbodies. - The three conical innerbodies shown in figure 4(a)

o)
were used during the investigation. The 11% and 15O innerbodies were

approximately 18 inches in length, and the 20° innerbrdy was approxi-
mately 12 inches in length. )

Turbine-discharge flow-straightening vanes. - Two types of turbine-
discharge flow-straightening vanes were investigated; the physical details
of each are shown in figure 4(b). One type, referred to as the sheet-metal
straightening vanes, was similar to that designed in reference 1. These
straightening vanes were simple, sheet-metal, constant-curvature vanes
originally constructed in two parts (to correct varying amounts of whirl
across the passage). However, the part of the vane that was mounted on
the outei shell (ref. 1) was not used during this investigation; only thne
part that was mounted from tle innerbody was used. There were 37 vanes
equally spaced arcund the circumference of the diffuser inlet at the lo-
cation shown 1n figure 3(a).

The other type or vane, referred to as the cast straightening vane,
was designed % the engine manufacturer for an afterburning model of the
engine used during this investigetion. Tnese vanes were cast in one plece
and were twisted tu correct for the varying amount of turbine-discharge
whirl. The vanes hed a 2-inch cord. They were mounted, equally spaced,
on the outer shell at the diffuser inlet and did nct extend to the inner-
pody (fig. 3(a)). A total of 59 of these vanes was useAd.
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Fuel-injection systems. - Afterburner performance data were obtained
with two different Puel-injection systems. One system congisted of =3
round spray bars equzlly spaced around the circumerence of the after-
burner with five orifices per bar injecting fuel upstream. The other
system consisted of 1€ faired spray bars equally spaced arcund the cir-
cumference of the afterburner with ten orifices per bar (five orifices
per side, Aiametrically opposite each other) injecting fuel normal %o
the {low. A comparison of the profiles at the round and faired spray

bars is shown in figure 5{b). The faired spray bars were faired gradually

in ovrder to prevent restricting the fuel flow to the last orifices. The
spray-bar fuel orifices were located radially in the following manner:
The annular flow passage at the fuel-injection piane was divided into
six equal anmlar areas, and the orificer were positioned in the spray
bars at a point coinciding with the center of each of the annular-area
increments except the one nearest the afterburner shell. The fuel-
injection syray bars were located just behind the straightening vanes,
approximately 5.25 inches downstream of the diffuser inlet. Spray-bar
fuel orifices were 0.041 inch in diameter.

Flameholder. - The flameholder used during this investigation is
shown in figure 5(c). The flameholder, which consisted of two V-gutter
rings 0.75 inch in width, was mounted 1 inch downstream of the diffuser
innerbody. Flameholder blockage is approximately 14 percent.

Liner. - The afterburner outer shell was equipped with a verforated
liner (fig. 5(a)) similar to the one used in reference 2. The liner
was mude of 1/16-inch Inconel sheet, and there wes & 0.3-inch opening
between the liner and the outer shell at the upstream end of the liner
to capture turbine-Aischarge air for cooling of the outer shell. Liner
perforations were 3/16-inch-diameter holes spaced so that the centers
were 1/2 inch apart.

Exhaust nozzles. - During nonafterburning operation (tail-pipe
pressure-loss investigations), a 20.5-inch-diameter nozzle with a tab
ad justment was used to obtain the desired engine operating conditions.
Conical exhaust rozzles with exit diameters of 24.25, 25.5, and 26.0
inches were used to obtain afterburning performance.

INSTRUMENTATION

Exhaust-nozzle-exit atatic pressure was measured by static teps lo-
cated in the sound-miffling exhaust chamber. The engine-inlet pressure
was assumed to be equal to the test-cell static pressure. The turbine-
discharge total pressure was measured near the end of the 8-inch constant-
ares annular section ahead of the diffuser inlet.

The location and amount of instrumentation used during the investi-

gation are shown in figure 1. Diffuser-outlet (station 7) whirl and static-

pressure profiles were measured with a radially movable, wedge-type probe,

. —_-=.‘a— ) ’
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which consisted of a 7© wedge with a stalic-pressure tap on each face.
In order Lo measure the diffuser-outlet whirl angle, the probe was posi-
ticned radially in the flow passage and was rotated on its axis untii
the pressure on each face of the wedge was equal; thc whirl angle was
then determined from the position of the probe and a previous calibration.
The stream static pressure was obtained by averaging the values from the
wedge-face static-pressure tavs.

The total-pressure probes used to measure total pressure at the
turbine discharge, diffuser outliet, and exhaust-nozzle inlet had a 307
internal chamber. These probes were able to recover approximately 100
percent of the velocity aead up to an angle of attack of approximately
20°. Above a whirl angle cof 20° the total-pr-essure measurements were
corrected to true stream values.

Primarvy-engine-combustor fuel flow was m2asured with a calibrated
rotameter, and afterburner fuel flow was measured with a vanz-type elec-
tronic flowmeter.

PROCEDURE

A1l short-afterburner performance data were obtained at an engine
speed of 7900 rpm, a turbine-discharge temperature of 1240° F, and an
engine-inlet temperature of 100° F. These engine operating conditions
were slightly less than the 5-minute military ratings and were used to
ensure longer engine life.

The pressure loss of the standard, nonafterburning-engine tail pipe
was determined in order to prcvide a basis for comparison with the pres-
sure loss of the final afterburning configurations. During the diffuser
investigation the fuel-spray bars, flameholder, and liner were not in-
stalled. The pressure losses of these components were measured individ-

ually while installed in the diffuser configuration with the best over-all

performance.

Afterburning performance was obtained with three fixed-area conical
nozzles which rasulted in three over-all engine fuel-air ratios at the
specified engine cperating conditions. The afterburner was lighted by
hot-streak ignition originating in one of the primary combustors.

RESULTS AND DISCUSSIONS

Diffuser Pressure Losses
Effect of turbine-discharge fiow-straightening vanes on diffuser
performance. - Whirling flow often exists at the turbine dlscharge of

turbojet engines. The effect of various amounts of whirl on the per-
formance of annular diffusers with constant-diameter outer shells and

L e
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converzing innerbodies is reported in references 3 to 5. In reference 1
(short-afterburner diffuser tests) whirling flow up to an angle of z0°
was encountered at the turbine discharge. Reduction of this whirl with

the use of turbine-discharge flow-straightening vanes resulted in a
marked decrease in over-all diffuser pressure loss. Consequently, the
first step in the reduction of afterburner pressure loss was the elim-

ination of turbine-discharge whirl.

The effect of the cast straightening vanes on diffuser-outlet whirl
and velocity profiles is shown in figure 6. Whirl was most severe near
the inmerbody (fig. 6(a)) with a whirl angle of approximately 40° exist-
ing at the innerbody wall. The large whirl angle near the innerbody was
a result of the amplification of turbine-discharge whirl necessary to
maintain constant, streamiine, angular momentum. By installing the cast
straightening vanes at the turbine discharge, the diffuser-outlet over-
all whirl was effectively reduced, although a region of high whirl re-
mained near the lnnerbody. This region of high whirl near the innerbody
was caused by the fact that the cast straightening vanes did not extend
to the innerbody (fig. 6(a)). The reduction in over-all whirl with the
use of the straightening vanes resulted in a decrease in tail-pipe pres-
sure loss (ratio of loss in total pressure between turbine discharge and
exhaust-nozzle inlet to turbine-discharge total pressure) from 0.056 to
0.034.

The velocity profiles (fig. 6(b)) were determined from the ratio of
local static to total pressure by using one-dimensional flow relations.
Total-pressure measurem:nts, which were cbtained with a fixed rake, were
corrected to true stream values when necessary, and, therefore, the cal-

culated velocities presented are true stream values. The velocity profile

of the diffuser with the cast straightening vanes was relatively uniform
compared with the profile of a diffuser without straightening vanes.

A comparison of diffuser-outiet whirl and velocity profiles for
both types of straightening vanes with the 11%0 diffuser is shown in
figure 7. Except in the region of the innerbody, the cast straightening
vanes appeared more effective in reducing over-all whirl. They also
provided a more uniform velocity disﬁfgbution at the diffuser outlet.
The tail-pipe pressure loss of the 113 diffuser with cast straightening
vanes was (0,027 compared with 0.035 for the sheet-metal streigh’ ning

vanes. In view of the more effective reduction im tail-pipe presstre loss

and the more uniform dt<fuser-outlet velocity profile obtained with the
cast s“ralghtening vanes, these straightening vanes were used for the
remainde~ of the investigation.

Effect of diffusion rate. - Diffuser configurations with three dif-
ferent diffusion rates, all employing the cast straightening vanes, were
investigated to determine the effect of 3% .-ion rate on over-all dif-
fuser performance. The varistion of diffuser area with length ratio for
the three diffusers investigated is shown in figure 8; also shown is the

. -, R AT
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area variation of an 18-inch conical innerbody diffuser, which had the
lcwest pressure loss of the diffusers investigated in reference 1. It
should be noted in figure 8 that each of the diffusers investigated had
a different area expansion ratio up to the end of the innerbody; there-
fore, the diffusers had varying amounts of sudden expansion losesec.
However, the maximum variation in projected area at the end of the inner-
body, for the inmerbodies investigsted, is only 7.5 percent nf the final
diffuser ares.

The bar graph inofigure 9 illustrates the tail-pipe pressure luss
obtained with the 11% , 15¢, and 20° diffusers and also with the 18-inch

conical innerbody diffuser of reference 1. The ll%O diffuser, which had

a tell-pipe pressure-loss ratio of 0.027, had the lcwest pressure loss
and the lowest diffusion rate of the configurations investigated. The

increase in pressure loss of the 15° diffuser over that of the ll%o dif-

fuser was only 0.007, compared with an increése of 0.049 for the 2g° 4if-
fuser over that of the 15° diffuser. The pressure loss of the lL% aif-

fuser was less than one-half the pressure loss of the 18-inch ccnical
innerbody diffuser of reference 1. Part of this improvement is attributed
to improved straightening vaenes and the remainder to the decrease in over-
all diffusion rate before the end of the innerbody.

The diffuser-outlet velocity profiles for the ll%o, 15°, and 20°

diffusers are shown in figure 10. The 20° diffuser has a severe velocity
gradient with velocities over 1000 feet per second existing near the outer
wall. Even though the pressure measurements used to obtain the velocity
profile were made 4 inches downstream of the innerbody of the 20° dif-
fuser {see sketch in fig. 10), the flowv appears to be separated before

the end of the innerbody. This flow separation from the innerbody ac-
counts for theolarge 1ncrease in pressure loss of the 20° aiffuser over
that of the 15  diffuser.

Afterburner Pressure Losses

The pressure losses of the afterburning components (spray bars,
flameholder, and liner) are presented in figure 11. The component pres-
sure loss was defined ar the ratio of the increase in loss of total pres-
sure between tvrbine discharge and exhaust-nozzle inlet to turbine~
discharge total pressure, resulting from the addition of each individual
component. Fuel systemc with both 28 and 16 spray bars were used for
afterburning. The pressure loss of 28 round spray bars, located 5.25
inches downstream of the diffuser inlet, was 0.013. Because local flow
Mach numbers in excess of 0.5 existed in the region of fuel injection,
the 238 spray bars were flattened or faired (fig. 5) in an attempt to
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reduce the pressure loss. As a result of fairing the 28 spray bars,
the pressure loss was reduced from 0.013 to 0.003. The pressure loss

of 1€ faired spray hars was approximately 0.COl. Flameholder and ’
acoustic-liner pressure losses were 0.012 and 0.00%, recspectively. Ex-

cept for the diffuser, the flameholder pressuie loss wes the highest of
the afterburner component pressure losses.

The over-al% pressure loss of short-afterburner configurations com-
posed of the ll; diffuser with 59 cast straightening vanes, 28 faired

spray vars, a flameholder, and a liner was 5.5 pevcent of the turbvine-
-discharge total vressure, which is gbhout 3 percentage points lower than
the short afterburner of reference 2. The prcssure loss of the standard-
engine tail pipe (fig. l(c)) was found to be .6 percent of the turbine-
discharge total pressure; thus the pressure los: of the short afterburner
is about equal to that of the standard engine tail pipe.

3678

Af cerburner Ferformance

Afterburning. - Two shori-afterburner configurati~is. which differed
only in fuel systems, weve investigated. The first fuel :yvstem consisted
of 28 round ~pray bars injecting fuel upstream, and the ¢ :ond fuel system
had 1€ spray bars injecting el normal to the flow. Af*.~burncr perform-
ance data were not cbtained ._.h a fuel system composed ¢ :8 faired spray
bars. However, it was felt 1hat the combustion efficiern . would rnot be

appreciably different from t‘$t cbtained with the 2° r . : spray bars.
Both afverburners used the 1:—  diffuser with the ca<. . -aightening
vanes. Afterburner combustlon performance data wer. . tzined with three
f'ixed~area conical nozzles. As = resiit, threc oo - 1.1 fuel-air ratios
were obtainahle at an engine speed of "2CO rpm ar‘l . turbine-discharge

temperature of 1240° F.

Over-all afterburner parformance is presented in figure 12 for both
ccnfigurations. In figure 12(a) afterburner-ocutiet temperature is shown
as a function of over-all fuel-air ratio with lrae. of constant combus-
tion efficiency superlimposed. Afterburner-cutlet temperature was cal-
culated from the measured thrust, mass flow, and exhaust-nozzle pressure
ratio. Afterburner combustion efficiency was defined as the ratio of
actual afterburner temperature rise to ideal temperature rise. The ideal
temperature rise was obtained from reference €. A peak combustion ef-
ficiency of 0.95 was obtained for the 28-spray-bar ~onfiguration at a
fuel-air ratio of 0.045, as compared with 0.8% for the 18-spray-bar con~
figuration at a fuel-alr ratio of 0.042. The cuperior performance of
tie P8-spray-bar configuration at higher fuel-air-ratio levels was a result
of a more uniform circumterential fuel distribution. This characteristic .
is also 1llustrated in reference 7. The combustiun efficiency of both
afterburner conflgurations decreased 15 to 20 percentage points for an
increase in over-all fuel-air ratio from 0.045 to 0.070. This severe de-
crease in combustion efficiency approaching the stoichiometric fuel-air

.
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ratio ic partially a resul® of the lean region near the cuter shell pro-
vided fer cooling the afterburner shell and liner. At high fuel-air

der of the flow passage to be richer than stoichiomet:sic, consequently
reducing combustion efficiency. Afterburner performance for configuration
4 of reference 2 is also included for ccmpavison in figure lE(a).

Te yariation of zugmented thrust ratic with over-all fuel-air ratio
for the two afterburner configurations is shown in figure 172(b). This-
figure also inciudes an ideal augmented-thrust-ratic curve, ~hich con-
siders the momentum pressure loss during heat additica based on a bulk
velocity of approrimately 40C feet per second. A peak thrust augmenta-
tion ratio of 1l.44 was obtained with the 28-spray-bar configuraticn at
an over-all fuel-air ratic of 0.061. Increesing the over-all rTuel-air
ratio above 0.061 for both configurations : :sulted in a decrease in aug-
mented. thrust ratio as a result of the severe drop in combustion efficien-
cy. As a result of the higher combustion efficiencies of the 28~-spray-
bar configuration as compared with the 16-spray-bar configuration, the
augmented thrust ratios were 2 to 5 percentage points higher. Differences
between the idezal and actual augmented-thrust-ratio curves resulted from
combustion inefficiency and higher-than-estimated momentum pressure loss.
The actual momentum pressure loss averaged 4 percentage points hicher
than calculations based on an afterburner-inlet bulk velocity. The aug-
mented thrus* ratio of a short afterburner with a fuel system ccmposed of
28 faired spray bars would be approximately 1 percent higher than for the
short afterburner with 28 round spray bars because the tail-pipe vressure
loss is 1 percent lower.

Throughcut the afterburning portion of the investigation, no sericus
outer-shell hot spots or evidence of combustion screech was encountered.
The absence o! afterburner hot spots and screech is attributed toc the
perforated liner. No liner damage was noted during the investigetion.

Nonafterburning. - For epplication of tre short afterburner to long-
range aircraft, the ncnafterburning performance of the s\ rt afterburner
is important from considerations of engine fuel economy during crulse
flight conditiones. Although engine cruise conditions were nct simulated
during the investigation, the nonafterburning performance obtained i: &
close approximation of the cruise,performance. 3ince the thrust of the
engine is aspproximately proportional to the exhauxi-nozzle total pressure,
tail-pipe pressure losses result in a reduction in thrast and consequently
an increase in sperific fuel consumption. Becasuse the nonafterburning
tail-pipe pressure loss of the short afterburner with 28 falred spray bavs
vas approximately equal to that of the sts: lard nonafterburning engine,
the specific fuel consumption of the engine equipped with a short after-
burner would be approximately equal to that of the standarl engine.
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SUMMARY OF RESULTS

poore

The following results were outained from an investigation of the
problems associated with the design of a low-pressure-loss, short after-
bnrner for sea-level thrust augmentation.

It was found tnat turbine-dischar -¢ whirl resulted in sizable dif-
fuser pres-ure losses. These losges were reduced by the addition of
flow-straiphtening vanes atl the turbine discharge. An afterturner 4dif-

- ie e as o] .
fuser consisting of a2 cylindrical outer shell and a ll; , blunt-end in-

nerbedy nad a lower pressure loss than either a 15° orCEOO, blunt-end in-
nerbedy diffuser. The increase in tail-pipe pressure loss due *o the
afterburner :=spray bars was important in short-afterburner installations
where fuel spray bars are located in high Mzcli number, turbine-discharge
flow. The pressure loss of 28 round spray bars was reduced from 0.013 to
0.0C% by fairing (flattening) these spray bars. The tail-pipe pressure
loss of one of the short-afterburner ccnfigurations was 0.055, which was
approrimately equai to that of the standard-engine tail pipe.

The peak afterburner combustion efficiency increased 17 percentage
Dcints by changing from a 16- to a 2B-spray-bar fuel system. A peak
rombustion efficiency of 0.295 was cbtained at a fuel-air ratio of 0.042
for the short afterburner with the 28-spray-bar fuel system. A marimum
augmented thrus+ ratic of 1.44 was obtained for the short-afterturner
configuration with 28 spray bars at a fuel-air ratio of 0.061. The spe-
cificz fuel consumrtion of the engine equippod with a short afterburner
while cperzting at cruise conditicns waz expected to be equal to that of
the standard rnonafterburning engine because the tail-pipe pressure losses
were approximately equal.

Lewis Flight Propulsion Laboratory
National Advisory Commitiee for Aeronautics
Clevelaad, Ohic, April 26, 1955
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—Turbine-discharge flow-streighteaing vane
Diffuser inlet 7

/

«— Outer shell

\ 14.0—
=/

Turtine-discherge aédi tion7

(2) Typical afterburner outer shell zné
Turoine-aiscrszge innertody assembly for diffuser tests.
- - Py A

flow-straightening vanes7 —Strut

(v) 1b-Iach conical innerbcdy diffuser {ref.l}.
|

< Sirut

|

-

¢} Standard tail pipe.

Figure 3. - Short afterburner and standard eagine tail pipes.
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Figure 6. - Effect of cast straigntening vanes on diffuser-
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sure losses.
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